Our understanding of metazoan genome evolution is based on a small number of complete genome sequences and large EST datasets that represent only a R. To obtain a broader perspective on patterns of gene assumed to be restricted to vertebrates. Consistent with higher rates of divergence in the model inverevolution, we conducted a limited EST analysis on the coral Acropora millepora. A. millepora is a member of tebrates, three-way comparisons show that most Acropora ESTs match human sequences much more the basal cnidarian class, the Anthozoa, making it an appropriate cnidarian for comparative purposes [13] . A strongly than they do any Drosophila or Caenorhab-96 hr planula larva stage cDNA library for A. millepora ditis sequence. Gene loss has thus been much more [14] was normalized prior to sequencing individual extensive in the model invertebrate lineages than preclones. cDNAs were amplified using vector primers, deviously assumed and, as a consequence, some genes natured at 100ЊC for 5 min, and then allowed to reassociformerly thought to be vertebrate inventions must ate at 65ЊC for 24 hr prior to hydroxyapatite chromatoghave been present in the common metazoan ancestor. raphy at 60ЊC in 0.12 M phosphate buffer (pH 6.8). After The complexity of the Acropora genome is paradoxiconcentration, the eluate was used as template in PCR cal, given that this organism contains apparently few and products cloned into pGEM-T easy (Promega). 3024 tissue types and the simplest extant nervous system independent clones were isolated, and 2592 single-pass consisting of a morphologically homogeneous nerve net.
quences were grouped into 1376 EST clusters using limited data available for other cnidarians allowed us to identify a number of other genes in this category; for BLASTN [15] . 999 ESTs were present as unique sequences, while 961 clones formed 377 clusters of two or example, homologs of the Dickkopf proteins (mostly Wnt antagonists) and p8 transcription factors can be more clones, which were treated together in subsequent analyses. The EST sequences were compared to the found amongst the available Cyanea capillata ESTs [18] , while a clear homolog of the human Bardet-Biedl synGenPept database (November 7, 2002) using the BlastX program [15] with a Blast E-statistic acceptance threshdrome 4 gene is present in Hydra magnipapillata (database accession number AAO72330). Nearly one-sixth of old of 10 Ϫ6 . In total, 492 ESTs matched entries in the GenPept database with E-statistics ranging from 10 Ϫ6 genes identified in the urochordate Ciona lack a clear Drosophila or Caenorhabditis homolog but are repreto 10
Ϫ137
. The EST sequences are available at http:// cbis.anu.edu.au/coral/. sented in the Fugu or human genomes [19] . Whereas these genes have been assumed exclusively to represent chordate-(or deuterostome-) specific innovations Gene Loss in Drosophila and Caenorhabditis [19] , the cnidarian data imply that this interpretation is The most surprising implication of the Acropora dataset probably incorrect and that although some chordateis that extensive gene loss has occurred in Drosophila specific genes undoubtedly exist, the number is likely and Caenorhabditis-a substantial number of the coral to be much smaller than has been assumed to date. ESTs (53 clusters; 11% of hits to any organism) apConsistent with this, most, but not all, of the genes listed peared to have a human homolog but no counterpart in in Table 1 as uniquely shared between Acropora and the fly or worm. A much smaller number (five clusters; man are present in Ciona and would therefore be 1% of hits to any organism) of the sequences gave amongst the 2570 genes previously considered as likely significant matches only with fly or worm genes. Figure 1A ). For clarity, we conducted comparative analyses to H. sapiens and the EST clusters-implies that a major fraction of nominally vertebrate-specific genes were, in fact, present in the model invertebrates D. melanogaster and C. elegans, and for each, near complete genome sequences are availcommon metazoan ancestor. Decreasing the matching stringency increases the proportion of nominal verteable. Of the 455 ESTs identified with clear matches in at least one of these three metazoans, only a small proporbrate-only matches in the Acropora dataset (data not shown; note also that there is a corresponding decrease tion (33 or 7%) showed Ͼ10
3
-fold more significant similarity to fly and/or worm sequences, as measured by in confidence in the Acropora/human match). Broadening the search to consider matches with other verte-BLAST E-value, while 165 (36%) showed Ͼ10
-fold more significant similarity to human sequences ( Figure 1B) . brates likewise identifies additional cases of nominally vertebrate-specific genes in the coral EST dataset; for These results confirm a trend in closer relatedness between coral and vertebrate sequences (than between coral example, a clear match with snake venom phospholipase A2 is represented both in the Acropora dataset and fly or worm sequences) that we have observed in previous studies [10, 11] . The same general trend has (1e
Ϫ14
) and in the jellyfish Cyanea [18] . No other systematic attempts have been made to assess the proportion been observed with specific proteins from some other cnidarians (see, for example, [12] ). The general trend of genes shared between cnidarians and vertebrates that are missing from Drosophila and Caenorhabditis.
toward higher overall similarity is not confined to specific functional classes of genes. It is true of genes that encode However, searching for specific candidates amongst the The left column gives the A. millepora EST cluster number. The best match on BlastX comparisons with the database are given, along with the corresponding Genbank database identifier and the e value. To confirm that those sequences identified are lineage restricted, secondary database comparisons were carried out. Human (or fly or worm) proteins matching the coral ESTs were themselves used to search the databases (using BlastP) followed by manual inspection of the results. Table 1 for a breakdown of the latter category). Note that the phrase "ϾHigher similarity…" refers to Ͼ10 3 -fold lower BLAST-E values (see text). Although a significant number of matches were with bacterial sequences, these are unlikely to represent contamination as the library was generated from polyA ϩ mRNA [14] , and the best matches were with taxonomically diverse bacteria. Genetic Complexity and the Common Ancestor Although a close relationship between coral and hu-A third implication of our analyses is that at least at the man sequences is superficially surprising given that the level of gene complement, the ancestral metazoan is cnidarian and bilaterian lineages are thought to have likely to have been much more complex than was prediverged in deep Precambrian time [22] , this is largely viously imagined. For example, the A. millepora EST a consequence of the relative pace of change in the dataset contains homologs of many bilaterian genes model invertebrates. The greater divergence in D. melawhose specialized functions are associated with highly nogaster and C. elegans sequences is unlikely to reflect differentiated nervous systems. These include genes uniform rates of change over long time periods; rather, with vertebrate, but no known invertebrate, counterrapid genome change is likely to have occurred recently parts; e.g., those that encode photoreceptor all-trans-(and probably independently) in these organisms and retinol dehydrogenase (AmEP00301), Churchill, and Tube associated with intense selection for small genome morhead. They also include more generally conserved size, rapid developmental rates, and the highly specialhomologs of genes that encode Frequenin, Homer 2d, ized lifestyles of the fly and worm. Although D. melanoGlia maturation factor b, and Notch pathway compogaster had the previously reported fastest rate of senents. This complexity is particularly surprising given quence change, the genes of C. elegans are evolving the morphological simplicity of the coral nervous system even faster [ 
